Mitotic chromosomes are spatially confined at the spindle equator just prior to chromosome segregation through a process called chromosome alignment. Alignment requires temporal coordination of kinetochore microtubule attachment and dynamics.
Introduction
Kinetochores, which form at the centromeric region of mitotic chromosomes, function to tether chromosomes to a subset of mitotic spindle microtubules known as kinetochore microtubules or K fibers. Proper regulation of K fiber dynamic instability and attachment is required for chromosome alignment at metaphase and the segregation of sister chromatids during anaphase [1] [2] [3] [4] . K fiber attachments are stabilized as mitotic chromosomes align [5] [6] [7] , but the mechanisms that temporally coordinate attachment and alignment are not understood.
End-on attachments between K fibers and kinetochores are primarily dependent on Hec1, a component of the NDC80 complex. Hec1 directly associates with microtubules through an electrostatic interaction that depends on its positively charged N-terminus [8, 9] . The Hec1 N-terminus contains nine Aurora B phosphorylation sites, which are phosphorylated in early mitosis [10] [11] [12] [13] . Hec1 phosphorylation reduces the interaction between the kinetochore and the negatively charged microtubule surface, favoring K fiber detachment [2, 9, [14] [15] [16] . Hec1 is dephosphorylated as cells progress through mitosis, with the lowest levels occurring during late metaphase and anaphase [14] .
These data indicate the affinity of kinetochores for microtubules increases as chromosomes align. Recruitment of protein phosphatase 1 (PP1) to kinetochores by proteins such as KNL1 [17, 18] , and the SKA complex [19] has been shown to antagonize Aurora B activity, however, the specific mechanism responsible for Hec1 dephosphorylation remains unclear.
Hec1 affinity for microtubules must be dynamically regulated, not only for proper biorientation of chromosomes, but also for normal chromosome alignment. Cells microinjected with antibodies that block Hec1 phosphorylation show hyperstable K fiber attachments, accompanied by alignment defects and decreased chromosome oscillations [2] . Similarly, cells expressing a Hec1 variant that prevents phosphorylation of the N-terminus are unable to align their chromosomes due to reduced K fiber dynamics [16, 20] . Conversely, in cells expressing a phosphomimetic Hec1 variant, with the 9 Aurora B sites in the N-terminus mutated to acid residues, kinetochores are uncoupled from K fibers and chromosomes fail to align [16, 20] . Furthermore, introduction of a single phosphomimetic residue to the non-phosphorylatable Hec1 variant (Hec1-1D) is sufficient to restore normal chromosome movement but not chromosome alignment [19, 20] , suggesting that proper timing of Hec1 dephosphorylation is required for chromosome confinement to the metaphase plate.
Consistent with this, PP1 accumulation at kinetochores increases as cells progress towards metaphase [21] , coinciding with a decrease in phospho-Hec1 levels [14] .
However, the mechanisms underlying temporal changes in Hec1 affinity and PP1 recruitment are not understood.
Kif18A (kinesin-8) is essential for chromosome alignment during metaphase and directly binds PP1 [4, [22] [23] [24] . This plus-end directed motor accumulates at the ends of K fibers and attenuates their dynamics as cells progress from prometaphase to metaphase. Reduced K fiber dynamics confines chromosome movements and promotes metaphase plate formation [4] . In addition, Kif18A depletion in HeLa cells results in a spindle assembly checkpoint (SAC)-dependent metaphase arrest [4, 25, 26] , which suggests a defect in kinetochore microtubule attachment. Similarly, loss of Kif18A function leads to a SAC-dependent mitotic arrest in primordial germ cells during murine embryogenesis [27] . Whether Kif18A has a direct or indirect role in promoting kinetochore microtubule attachments in these cells types is unclear. However, the fission yeast kinesin-8s Klp5 and Klp6 are required for SAC silencing through an unknown function that relies on direct interaction between the C-termini of the motors and PP1 [24] . Human Kif18A contains the conserved R/VxVxF/W PP1 binding motif found in Klp5 and Klp6 and directly binds PP1α/ɣ [22, 23] . The Kif18A-PP1 interaction has been proposed to antagonize phospho-inhibition of Kif18A by Cdk1, but a role for this interaction in promoting kinetochore microtubule attachments and the metaphaseto-anaphase transition has not been thoroughly explored.
In this study, we used a combination of quantitative immunofluorescence and livecell imaging techniques to investigate the molecular basis of Kif18A's role in coordinating chromosome alignment with the metaphase-to-anaphase transition. We report that Kif18A-PP1 binding promotes Hec1 dephosphorylation and progression through mitosis. This mechanism, in combination with Kif18A's direct regulation of chromosome movement, coordinates chromosome alignment with the stabilization of K fiber attachments, promoting timely transition from metaphase-to-anaphase.
RESULTS

Kif18A depletion increases Hec1 phosphorylation during metaphase
Observations that Kif18A is required for normal mitotic progression in HeLa and primordial germ cells suggest that the motor has a role in promoting or stabilizing kinetochore-microtubule attachments [26, 28] . To determine if Kif18A affects the phosphoregulation of Hec1, which is progressively dephosphorylated to increase the affinity of kinetochores for microtubules as chromosomes align, we analyzed Hec1 phosphorylation by immunofluorescence in HeLa cells treated with scrambled control (control KD) and Kif18A specific siRNAs (Kif18A KD), which we have extensively validated [4, 29, 30] . Previous work has shown that the signals from Hec1 antibodies against phosphorylated Ser8, Ser15, Ser44, and Ser55 decrease significantly between prometaphase and metaphase, with Ser44 and Ser55 showing the most dramatic changes [14] . Thus, we quantified the signal from a phospho-specific antibody against Hec1 Ser55 in metaphase arrested cells to determine if Kif18A is required for Hec1 dephosphorylation ( Figure 1A ). These studies revealed that Kif18A KD cells have a significantly higher level of phosphorylated Hec1 at metaphase kinetochores than control cells ( Figure 1B ). In contrast, total Hec1 levels were comparable between the two cell populations ( Figure 1C ). These data indicate that Kif18A is required to promote Hec1 dephosphorylation.
To determine if Kif18A dependent changes in phospho-Hec1 levels were due to the motor's previously identified interaction with PP1 [22, 23, 31] , we quantified the effects of disrupting Kif18A-PP1 binding on Hec1 phospho-Ser55 levels. HeLa cells depleted of endogenous Kif18A were transfected with plasmids encoding GFP alone, GFP-tagged Kif18A full-length protein (GFP-Kif18AFL), or a GFP-Kif18A construct containing two point mutations within the conserved PP1 binding site (GFP-Kif18A AVVVA ).
These mutations have previously been shown to disrupt binding between kinesin-8 motors and PP1 [22] [23] [24] . Both GFP-Kif18A constructs localized to mitotic spindles and accumulated at K fiber plus-ends ( Figure 2A ). However, phospho-Ser55 levels were significantly lower in cells expressing GFP-Kif18AFL compared to those expressing similar levels of GFP-Kif18A AVVVA ( Figure 2B -C and Fig S1) . Furthermore, phosphoSer55 levels in GFP-Kif18A AVVVA expressing cells were comparable to those measured in cells expressing GFP only ( Figure 2B -C). These data indicate that Kif18A promotes Hec1 dephosphorylation through its interaction with PP1. This effect may not have been detected in a previous study due to utilization of a less sensitive measurement approach [23] .
Loss of Kif18A function leads to an increased number of unattached kinetochores
One of the consequences of higher Hec1 phosphorylation during prometaphase is that kinetochores are more likely detach from microtubules, even when they are properly bioriented [14, 20, 28] . Since mutating the PP1 binding site in the Kif18A Cterminus increased phospho-Hec1 levels at kinetochores in metaphase, we investigated whether these changes correlate with metaphase kinetochore-microtubule attachment defects. We used the presence of the SAC protein MAD1 at kinetochores, determined by colocalization with anti-centromere associated (ACA) antibodies, as a readout for unattached kinetochores [32] . Previous work indicates that loss of Kif18A leads to an increase in unattached kinetochores in asynchronously dividing HeLa cells [26] . We found that metaphase arrested Kif18A KD cells also display an increase in MAD1- Figure 3C ). We found that cells with the highest levels of GFP-Kif18AFL expression had the fewest MAD1 positive kinetochores, but this trend was not true for GFP-Kif18A AVVVA expressing cells ( Figure   S2B ). Taken together, these data suggest that Kif18A-PP1 binding is necessary to maintain robust kinetochore-microtubule attachments and silence the SAC.
Kif18A is capable of accumulating at K fiber plus-ends and aligning chromosomes independent of PP1 binding
We observed that metaphase arrested Kif18A KD cells expressing GFP displayed chromosome alignment defects similar to those previously reported in Kif18A loss of function cells, while Kif18A KD cells expressing GFP-Kif18A AVVVA had comparatively well aligned chromosomes. To quantify chromosome alignment, we measured kinetochore distribution across the pole-to-pole axis of the spindle in Kif18A KD cells expressing GFP or GFP-Kif18A constructs [29, 33] (Figure 4A-B) . All values were normalized to the average kinetochore distribution measured in GFP expressing cells treated with control siRNAs for comparison. We found that chromosome alignment in cells expressing either GFP-Kif18A AVVVA or GFP-Kif18AFL was comparable to that seen in control cells ( Figure 4C ). In contrast, the kinetochore distribution in Kif18A KD cells expressing GFP alone was significantly wider than the distribution in Control KD cells ( Figure 4C ). These data indicate that Kif18A's ability to align chromosomes, which depends on attenuation of microtubule dynamics, does not require PP1 binding.
Consistent with this conclusion, we also find that GFP-Kif18A AVVVA and GFP-Kif18A-FL accumulated with similar kinetics at the plus-ends of K fibers treated with the microtubule-stabilizing drug taxol, indicating that the plus-end directed motility and stable plus-end binding of the two motors is comparable ( Figure S3 ). Stable microtubule plus-end accumulation is required for Kif18A's function in suppressing microtubule dynamics, thus its role in chromosome alignment [33, 34] . Collectively, these data suggest that PP1-binding is not required for Kif18A's motility or chromosome alignment functions during metaphase.
Kif18A does not promote attachments by regulating chromosome positioning or kinetochore tension
It was previously reported that SAC proteins preferentially localized to unaligned kinetochores in Kif18A KD cells [26] . This raises the possibility that it is the unaligned chromosome population in these cells that has kinetochore microtubule attachment defects. Consistent with this idea, recent studies indicate that pole proximal kinetochores can be phosphorylated by Aurora A kinase, which has been shown to contribute to Hec1 phosphorylation [35, 36] . Therefore, we measured the location of These data indicate that chromosomes near the midzone require Kif18A-PP1 for attachment and that chromosome alignment is not sufficient for SAC inactivation.
Kif18A has also been implicated in regulating tension between kinetochores. Kif18A overexpression leads to hyperstretching between sister kinetochores, while depletion leads to a measurable decrease in interkinetochore distance (IKD) [4, 26] . Reduced kinetochore tension promotes Aurora B kinase-dependent phosphorylation of outer kinetochore substrates, such as Hec1 [37] . Thus, we measured the effect of GFPKif18A AVVVA on IKD to determine if low tension could be contributing to the attachment defects observed in these cells. However, we found that the distances between sister kinetochores in Kif18A KD cells expressing GFP-Kif18A AVVVA were comparable to those measured in control KD cells and Kif18A KD expressing GFP-Kif18AFL ( Figure 5C -D).
In contrast, Kif18A KD cells expressing GFP had significantly reduced IKDs compared to control KD cells ( Figure 5D ), consistent with previous reports [4, 26] . These results suggest that the attachment defects observed in GFP-Kif18A AVVVA cells are not explained by reduced interkinetochore stretch.
A low phosphorylation mimetic Hec1 mutant is sufficient to promote progression through mitosis in Kif18A KD cells
To determine if the SAC-dependent arrest observed in Kif18A KD cells is caused by increased Hec1 phosphorylation, we asked if a Hec1 mutant that mimics low phosphorylation could rescue mitotic progression. Specifically, we analyzed the effects of a previously characterized Hec1 mutant, called Hec1-1D, which carries alanine substitutions in eight of the predicted Aurora B phosphorylation sites and a single phosphomimetic aspartic acid substituted for Ser55 [15, 16] . Expression of GFP Hec1-1D in cells depleted of endogenous Hec1 permits normal chromosome movement but does not fully rescue chromosome alignment [16] . We co-depleted HeLa cells of Kif18A and Hec1 using previously validated siRNAs [4, 14] , and subsequently transfected with plasmids encoding GFP-tagged wild type Hec1 (GFP-Hec1-WT), GFP-Hec1-1D, or GFP alone. The time from nuclear envelope breakdown to anaphase onset was measured using time-lapse DIC imaging in cells positive for GFP-Hec1 constructs ( Figure 6A ). The majority of Hec1 and Kif18A co-depleted cells expressing either GFP or GFP-Hec1-WT failed to divide during the time course of the movie or underwent apoptosis ( Figure 6B ). In contrast, the majority of GFP-Hec1-1D expressing cells completed division without chromosome alignment ( Figure 6B ). Thus, alleviating Hec1 phospho-regulation mitigates the mitotic arrest but not the chromosome alignment defects observed in Kif18A KD HeLa cells. These data suggest that a Kif18A-dependent increase in Hec1 affinity to microtubules silences the SAC and promotes the metaphase-to-anaphase transition independently of the motor's known role in regulating microtubule dynamics.
DISCUSSION
Biorientation and chromosome alignment during cell division ensure maintenance of genomic stability. Temporally regulated changes in the affinity between kinetochores and microtubules help to promote and stabilize bioriented attachments. As biorientation occurs, K fiber dynamics are also dampened to confine chromosome movements at the spindle midzone and form the metaphase plate. Our work indicates that Kif18A possesses two separable functions, one relying on its ability to suppress microtubule dynamics and the second on its direct interaction with PP1, that together couple the stabilization of bioriented attachments with the alignment of chromosomes at the spindle equator [22, 23] .
Our data strongly support a model in which Kif18A promotes Hec1 dephosphorylation by recruiting PP1 to the plus-ends of K fibers ( Figure 7 ). Our data indicate that the majority of kinetochores are attached to K fibers and devoid of SAC proteins during metaphase in the absence of Kif18A activity, suggesting that the motor is not necessary for initial end-on attachments during prometaphase ( Figure 7A ). This is also consistent with previous studies indicating that Kif18A's motility to K fiber plus-ends, which is relatively slow (~75-100 nm/sec), is contingent on the presence of a stable kinetochore microtubule track ( Figure 7B ) [34, 38] . As kinetochores become attached, Kif18A accumulates at K fiber plus-ends, where it confines chromosome movements and promotes the complete dephosphorylation of Hec1. We propose that Kif18A's dual functions provide positive feedback for K fiber attachment while the motor simultaneously dampens K fiber dynamics to align chromosomes during metaphase ( Figure 7C-D) . These combined activities facilitate temporal coordination between attachment and alignment.
Recent findings show that Hec1 has different binding configurations on polymerizing and depolymerizing microtubules, and that Hec1 phosphorylation only affects microtubule association on polymerizing microtubules [39] . These data suggest that Hec1 dephosphorylation primarily increases the affinity of kinetochores for polymerizing K fibers. Kif18A's behavior on growing and shortening microtubules is consistent with a role for the motor in specifically promoting the attachment of polymerizing K fibers. For example, Kif18A localizes asymmetrically on sister K fibers in mitotic cells [4] . Furthermore, purified Kif18A accumulates on growing microtubules but dissociates from shortening microtubules in vitro [34] . Taken together, these data imply that Kif18A may accumulate preferentially on growing K fibers, where it could promote Hec1 dephosphorylation. Switching to a phosphorylation-independent binding state during depolymerization circumvents the need for constant suppression of Aurora B activity near its outer kinetochore substrates for stabilizing and maintaining attachments.
Our data also address two alternative models for Kif18A's role in promoting kinetochore microtubule attachment. We considered that Kif18A could indirectly promote Hec1 dephosphorylation by increasing tension at kinetochores, displacing
Hec1 from the inner-centromere localized Aurora B kinase [37] . Consistent with this model, Kif18A accumulation at the plus-ends of K fibers enhances inter-kinetochore stretch [4, 26] . However, we found that cells expressing GFP-Kif18A AVVVA displayed normal inter-kinetochore stretch but abnormally high Hec1 phosphorylation and MAD1 levels, suggesting Kif18A-dependent regulation of kinetochore tension does not explain its role in promoting Hec1 dephosphorylation or kinetochore microtubule attachment.
We also considered the possibility that Kif18A's function in chromosome alignment excludes chromosomes from the spindle poles, preventing Aurora A kinase from phosphorylating Hec1. Pole proximal chromosomes are often improperly attached, and cells rely on Aurora A kinase activity to destabilize erroneous attachments [35, 36] .
Some chromosome pairs in Kif18A depleted cells are significantly displaced from the metaphase plate. Thus, these misaligned pairs could be subject to regulation by Aurora A, explaining the observed increase in Hec1 phosphorylation. However, our data indicate that Kif18A KD cells expressing GFP-Kif18A AVVVA have aligned chromosomes with increased phospho-Hec1 levels. Furthermore, primary embryonic fibroblasts isolated from Kif18a mutant mice divide with normal kinetics despite chromosome alignment defects [27] . These data collectively indicate that Kif18A's chromosome alignment and attachment functions are independent of each other. While these alternative models are not mutually exclusive with Kif18A's recruitment of PP1 to kinetochores, our data strongly support PP1-dependent dephosphorylation of Hec1 as the primary mechanism for Kif18A's role in enhancing kinetochore-microtubule attachments.
Existing evidence suggests that a role for kinesin-PP1 coupling of chromosome alignment and attachment is conserved in eukaryotes. We have shown that murine primordial germ cells require Kif18A activity for kinetochore microtubule attachment, chromosome alignment, and completion of mitosis. However, while somatic cells from Kif18a mutant embryos also display chromosome alignment defects, they progress through mitosis with normal timing. These data are consistent with a role for Kif18A in coordinating chromosome alignment and attachment in at least some cell types during mammalian development and suggest that other mechanisms are able to compensate for the loss of Kif18A's attachment function in others [18, 19, [40] [41] [42] . The fission yeast kinesin-8 motors Klp5/Klp6 are also required for chromosome alignment [42, 43] and interact with PP1 to silence the SAC [24] . The mechanism for checkpoint silencing in this case has not been identified, but Klp5/6 mutants are synthetically lethal with mutations in dam1 [44] , suggesting a role for the heterodimeric Klp5/6 motor in kintetochore microtubule attachment. Furthermore, recent work from Suzuki et al.
(accompanying paper) indicates that an interaction between Cin-8 (kinesin-5) and PP1
is required for kintetochore microtubule attachment in budding yeast. Interestingly, it is Cin-8, rather than the budding yeast kinesin-8 motor Kip3, that plays a more prominent role in regulating kinetochore microtubule dynamics and chromosome alignment in S.
cerevisiae, suggesting Cin-8 may function to coordinate alignment and attachment [45] .
In summary, our study indicates that the kinesin-8 motor Kif18A recruits PP1 and directly regulates microtubule dynamics to couple the attachment and alignment of mitotic chromosomes. Hec1 is a critical substrate of Kif18A associated PP1, and
Kif18A-dependent dephosphorylation of Hec1 is required for cells to progress from metaphase into anaphase. In contrast, Kif18A-dependent chromosome alignment is not a prerequisite for satisfying the SAC. Thus, chromosome alignment and attachment are separable processes. Mechanisms that temporally coordinate these functions are likely necessary to prevent chromosome segregation errors.
EXPERIMENTAL PROCEDURES
Plasmids and siRNAs
A Kif18A PP1 binding mutant (GFP-Kif18A AVVVA ) was generated by mutating residues K612 and W616 via site-directed mutagenesis, resulting in K612A and W616A (forward sequence 5'-TCGAACATTTGGTAGAGAGGAAAGCAGTGGTAGTTGCGGCTGACCAAACTGCCGA AC-3') using siRNA-resistant GFP-Kif18AFL as a template, described previously in 
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